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Entropy-driven aggregation in multilamellar membranes
Hiroshi Noguchi∗
Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277-8581, Japan
Membrane-fluctuation-induced attraction between ligand–receptor sites binding neighboring
membranes is studied using meshless membrane simulations and the Weil–Farago two-dimensional
lattice model. For the adhesion sites binding two membranes, this entropic interaction is too weak
by itself for the adhesion sites to form a large stable domain. However, it is found that this at-
traction is enhanced sufficiently to induce large domains either when the sites bind three or more
neighboring membranes together or have anchors that harden surrounding membranes. The latter
effect is understood by the Asakura–Oosawa type of effective potential in the depletion theory.
I. INTRODUCTION
Cell adhesion is a fundamental process required for the
removal of foreign bodies in immune response, for tissue
formation, and for cell motility. It is mediated by spe-
cific (ligand–receptor) and non-specific interactions. Re-
cently, lateral interactions between ligand–receptor ad-
hesion sites in membranes have been received growing
attention [1–13]. The cooperative aggregation of the ad-
hesion sites yields various patterns of adhesion domains
and also morphological changes in cells and liposomes.
Experimentally, lipid membranes supported on a solid
substrate are widely used to study immune reaction and
protein functions as well as membrane adhesion [1–3].
Several types of anchoring molecules have been devel-
oped to control the distance and interactions between the
membranes or the membrane and the substrate. In tra-
ditional adhesion experiments using the supported mem-
brane, the receptors are immobile on the substrate, while
their partners (ligands) are mobile in the fluid membrane.
Recent experiments with mobile receptors have revealed
that their mobility strengthens the adhesion [2, 6]. Dif-
fusion of the receptors can induce a high density of the
ligand–receptor bonds in the adhesion domain.
Currently, entropic interactions between (permanently
bonded) ligand–receptor sites is a topic of active discus-
sion [7–12]. The membrane height fluctuations yield a
repulsive force f ∼ d−3 between tensionless fluid mem-
branes with a neighboring membrane distance d [14].
Since the adhesion bond holds two membranes close to
each other, an effective attraction works between the ad-
hesion sites. If the adhesion sites are aggregated, the
rest of the regions of the membranes are allowed to have
large height fluctuations. This entropy gain is the source
of this attraction. Such an interaction can be considered
analogous to hydrophobic or depletion interactions, i.e.,
entropy loss of water molecules surrounding hydrophobic
molecules or polymers surrounding colloids [15, 16]. In
contrast to these interactions, the membrane interactions
are long-range; the potential of the mean forces between
the membranes and adhesion sites decays as ∼ r−2 [9].
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Thus, a different type of aggregation behavior can be ex-
pected.
Several groups have been investigated this entropic in-
teraction theoretically [7, 9–12] and via simulations [8, 9].
These studies have reported a weak attraction between
adhesion sites, which induces small temporal clusters.
However, it has been concluded that this force is too
weak to form a large cluster by itself, and thus, the re-
searchers have included additional pairwise interactions
to investigate the phase separation. The aim of this let-
ter is to determine the condition required to form a large
stable cluster only via this membrane-mediated entropic
interaction and to clarify its difference from the typical
phase separation generated by a pairwise interaction. We
examine two conditions to intensify the attraction: (1)
increasing entropy of the height fluctuations by binding
more than two membranes and (2) increasing suppres-
sion effects on local height fluctuations surrounding the
anchoring sites.
We employ one of the solvent-free meshless membrane
models [17, 18] to tackle this problem. Since we study
large-scale membrane fluctuations, the detailed struc-
tures of the bilayer are negligible, so that the membrane
is considered as a curved surface. To discretize the mem-
brane, mesh membrane methods such as the square mesh
method used in [8] are also available. Here, we choose
meshless membranes to avoid the influence of the mesh
structures on the cluster structures. In our meshless
model, one membrane particle represents a patch of the
bilayer membrane and a membrane can be spontaneously
formed. We also use the Weil–Farago two-dimensional
(2D) lattice model [10] to understand the membrane-
mediated interactions as effective potentials.
II. METHODS
A. Meshless Membrane Simulation
In this study, we consider Nlay layers of quasi-planar
fluid membranes. Each membrane is represented by a
self-assembled one-layer sheet of Nmb particles. These
membranes are bound by Nbond permanently bonded
adhesion sites, which are represented by a linear chain
of harmonic bonds using a harmonic potential Ubond =
2∑
i,j∈chain(kbond/2)(ri,j − lbond)2 [see Fig. 1(a)].
Since the details of the meshless membrane model are
described in Refs. [18–20], we briefly explain the model
here. The particles interact with each other via the po-
tential U = ε(Urep+Uatt)+Uα+Ubond, which consists of a
soft-core excluded-volume potential Urep with a diameter
σ, an attractive potential Uatt, a curvature potential Uα,
and the bond potential Ubond. The bending rigidity κ and
the line tension Γ of the membrane edge can be separately
controlled by Uα and Uatt, respectively. In order to en-
sure that the interactions between neighbor membranes
are only a short-range repulsion, the membrane parti-
cles interact with the particles in different membranes
only via the repulsive potential Urep, while in each mem-
brane these three membrane potentials (Urep, Uatt, Uα)
are taken over all contained particles.
The excluded-volume potential is given by Urep =∑
i<j exp(−20(ri,j/σ − 1) + 0.126)fcut(ri,j/σ). The in-
teraction is smoothly cutoff by a C∞ cutoff function [18]
fcut(s) = exp
[
A
(
1 +
1
(|s|/scut)12 − 1
)]
θ(scut − s), (1)
where A = 1, scut = 1.2, and θ(s) denotes the unit step
function. The potential Uatt is a function of the local den-
sity of particles, ρi =
∑
j fcut(ri,j/σ), with the parame-
ters shalf = 1.8, scut = 2.1, and A = ln(2){(scut/shalf)12−
1}. Here, ρi denotes the number of particles in a sphere
whose radius is approximately ratt = shalfσ. The poten-
tial Uatt is given by Uatt =
∑
i 0.25 ln[1 + exp{−4(ρi −
ρ∗)}] − C where C = 0.25 ln{1 + exp(4ρ∗)}. This muti-
body potential acts as a pair potential Uatt ≃ −ρi with
the cutoff at ρi ≃ ρ∗, and it can stabilize the fluid phase
of membranes over a wide range of parameter sets.
The curvature potential is given by Uα =∑
i kα,iαpl(ri), where kα,i = k
bond
α and kα,i = k
norm
α
for the adhesion sites (membrane particles bonded with
neighboring membranes) and normal (unbonded) mem-
brane particles, respectively. The shape parameter apla-
narity αpl is defined as
αpl =
9λ1λ2λ3
(λ1 + λ2 + λ3)(λ1λ2 + λ2λ3 + λ3λ1)
, (2)
where λ1, λ2, and λ3 are the eigenvalues of the
weighted gyration tensor, aαβ =
∑
j(αj − αG)(βj −
βG)wmls(ri,j), where α, β = x, y, z and rG =∑
j rjwmls(ri,j)/
∑
j wmls(ri,j). The aplanarity αpl rep-
resents the degree of deviation from a plane, and it is
proportional to λ1 for λ1 ≪ λ2, λ3. A Gaussian function
with C∞ cutoff [18] is employed as a weight function
wmls(ri,j) = exp
[ (ri,j/1.5σ)2
(ri,j/3σ)12 − 1
]
θ(rcc − ri,j). (3)
In this letter, we use Nmb = 25, 600, ε/kBT = 4, ρ
∗ =
6, kbond/kBT = 40, lbond = 1.5σ, and k
norm
α /kBT = 5,
where kBT denotes the thermal energy. Thus, the ten-
sionless membranes have a bending rigidity κ/kBT = 9,
FIG. 1: Snapshots of fluid membranes at Nlay = 2, φ = 0.016,
and κr = 1. (a) Side view of a sliced snapshot. The bonded
membrane particles and bond connections are displayed as
dark gray (red) spheres and light gray (yellow) cylinders, re-
spectively. The other membrane particles are displayed in
light gray. (b) Top view. The bonded membrane particles
in the bottom-layer membrane are shown. The black square
frame represents the periodic boundary.
line tension Γσ/kBT = 4 and area a0 = 1.4σ
2 per mem-
brane particle [20]. The nearest-neighbor distance of the
membrane particles l0 = 1.1σ (∼ the membrane thick-
ness of 5 nm) is taken as the length unit. The mem-
branes are simulated in a tensionless state in the NγT
ensemble (constant number of particles N , surface ten-
sion γ, and temperature T ) with a periodic boundary
box of Lx = Ly and a Langevin thermostat [21, 22]. The
numerical errors are estimated from 8–128 independent
runs. To investigate the clustering in the membranes
in three or more layers (Nlay ≥ 3), the whole region of
membranes is considered to be have one value of κ, i.e.,
κr ≡ kbondα /knormα = 1. To investigate a local interac-
tion between the anchoring sites and surrounding lipids,
the ratio κr is varied for double membranes (Nlay = 2).
The anchoring sites harden the surrounding membranes
at κr > 1.
B. 2D Lattice Model
The potential of the mean force between two adhesion
sites with distance r in tensionless membranes is derived
by Farago as Φ(r) = 2kB ln(r/l), where l denotes the
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FIG. 2: Radial distribution function g(r) between bonded
membrane particles at Nlay = 2. The solid and dashed lines
represent the data for the meshless membrane simulation with
κr = 1 and the 2D lattice model (Eq. (5)), respectively. The
inset shows the magnification of the first and second peaks.
membrane thickness [9]. However, the sum of this po-
tential interaction between all pairs of the adhesion sites
yields too strong an attraction, since the pair interaction
can be shielded by other sites. Weil and Farago proposed
a 2D lattice model to take into account the multibody na-
ture of the interaction [10]. Since local membrane height
fluctuations are mainly suppressed by the nearest adhe-
sion site, the entropy of the membrane segment i can
be expressed by a function of the distance dmini to the
nearest site. The entropy of the height fluctuations are
expressed as an effective potential,
U2d =
N2d∑
i=1
ui(1− si) (4)
ui =
(Nlay − 1)kBT
pi
( l0
dmini
)2
, (5)
for a triangular lattice with the unit lattice length l0, and
N2d denotes the number of lattice sites. For the adhesion
sites and the unbonded sites si = 1 and si = 0, respec-
tively, so that the integration is essentially taken over the
unbonded lattice sites. In order to treat multilamellar
membranes, we slightly extend the Weil–Farago model
by adding a factor Nlay − 1 in Eq. (5). Thus, the height
differences between neighboring membranes are assumed
to independently fluctuate. We use the Metropolis Monte
Carlo method to obtain the equilibrium states for the
membranes with an almost-square shape of Lx = 149l0
and Ly = 86
√
3l0 with N2d = 25628.
FIG. 3: Snapshots of membranes at φ = 0.016 and κr = 1 for
(a), (a′) Nlay = 3 and (b), (b
′) Nlay = 8. (a), (b) Side view
of sliced snapshots. (a′), (b′) Top view of bonded membrane
particles in the middle layer. (c) Snapshot of the 2D lattice
model (Eq. (5)) at φ = 0.016 and Nlay = 8.
III. DOUBLE MEMBRANES
First, we investigate interactions between the adhesion
sites binding two membranes (Nlay = 2), and we confirm
the conclusions of previous studies [8–10]. The adhesion
sites are distributed throughout the membranes and their
small clusters are temporally formed but do not grow into
large stable clusters (see Fig. 1). Even if a simulation
is started from a large cluster, it gradually dissolves into
the mixed state.
The cluster size is almost independent of the mean
density of adhesion sites φ = Nbond/Nmb. The radial dis-
tribution function g(r) multiplied by φ for the distance
r projected in the xy plane is shown in Fig. 2. When
all of the particles at distance r are adhesion sites and
the projected membrane density is uniform, φg(r) = 1.
With increasing φ, the number of contacted particle pairs
increases by only 10%, while the density at r/l0 ≫ 1
linearly increases. Thus, the clusters do not grow, and
instead the excess amount of adhesion sites dissolve in
isolation or form other small clusters. The pair interac-
tions of adhesion sites are shielded by other surrounding
sites, and the local density in the clusters is saturated.
The Weil–Farago 2D lattice model [10] reproduces our
simulation results well (compare the solid and dashed
lines in Fig. 2). In particular, the heights of the first
peak of the simulation and the model coincide. In the
lattice model, g(r) exhibits slightly slower decays, which
are likely caused by the difference in the unit area: a0 =
1.1l0
2 and a0 = (
√
3/2)l0
2 for the meshless and lattice
models, respectively. If a two-body potential Φ(rij) is
instead employed, all adhesion sites assemble into one
cluster at Nbond ≥ 4. Thus, the multibodiness of the
interactions is crucial to understand this clustering.
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FIG. 4: Probability distribution Pbond of the bonded mem-
brane particles as a function of the distance from the center
of the cluster for Nlay = 3, 4, 6, and 8 at φ = 0.016 calculated
by (a) the meshless membrane simulation with κr = 1 and
(b) the 2D lattice model (Eq. (5)).
IV. THREE OR MORE MEMBRANES
In order to produce a large stable cluster, the bend-
ing entropy of membranes is enhanced by the addition
of more layers of membranes. For triple membranes
(Nlay = 3), the adhesion sites form a single large domain,
whose shape shows large fluctuations [see Figs. 3(a) and
(a′)]. A few sites often leave the domain but soon re-
turn before moving far away, since an isolated site will
further suppress the membrane fluctuations of the larger
area. With increasing Nlay, the domain becomes more
compact and circular [see Figs. 3 (b) and (b′)].
The distribution of the number ratio Pbond of bonded
membrane particles in the middle layer of the membranes
is shown in Fig. 4(a). The number ratio is uniform in
the middle of the domain. Interestingly, many unbonded
membrane particles still remain in the domain even at
Nlay = 8 (Pbond = 0.58).
The Nlay dependences of two shape parameters are
shown in Fig. 5. The radius of gyration Rg is normalized
by R0g =
√
a0Nbond/2pi for a densely packed circular do-
main. The shape deviation from a circular disk is calcu-
lated as αc = (ν1−ν2)/(ν1+ν2), where ν1 and ν2 denote
two eigenvalues of the gyration tensor of the adhesion
sites. Although the domain shape becomes circular, its
size approaches not Rg/R
0
g = 1 but 1.3. This saturation
is caused by the existence of the unbonded particles in
the domain.
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FIG. 5: TheNlay dependence of (a) radius of gyration Rg and
(b) shape parameter αc of the adhesion sites for φ = 0.0039
(,△) and φ = 0.016 (◦,×). The solid and dashed lines
represent the data for the meshless membrane simulation with
κr = 1 and the 2D lattice model (Eq. (5)), respectively.
(Nbond = 100, 400) are also compared in Fig. 5. The nor-
malized size Rg/R
0
g coincides very well. Smaller domains
have slightly larger values of α, since the same amplitude
of the boundary fluctuation yields larger effects on the
whole shape for a smaller domain. At φ = 0.0039, Pbond
also exhibits a distribution similar to that at φ = 0.016
(data not shown). Thus, the domain formation is not
sensitive to the domain size, at least when the domain is
sufficiently smaller than the membrane area.
A single domain is formed when Nlay ≥ 3 also in the
2D lattice model (see Figs. 3-5). The 2D domains are
more compact and they comprise a lesser number of un-
bonded sites than the domains in the meshless mem-
brane simulations. In the lipid bilayer membranes, the
height fluctuations are governed by molecular protrusions
smaller in length than the membrane thickness [23]. This
protrusion is taken into account in the meshless mem-
brane model but not in the lattice model. The absence
of the protrusion likely causes the reduction in the do-
main size. Except for this domain size difference, the lat-
tice model reproduces the domain properties very well.
Thus, the addition of the membrane layers can be simply
interpreted as a linear entropy increase of the membrane
height fluctuations.
5V. DOUBLE MEMBRANES WITH
MEMBRANE-HARDENING ANCHORS
Membrane proteins often modify the surrounding
membranes. In particular, the effects of height mismatch
between the hydrophobic cores of the proteins and the
hydrophobic tails of lipids have been well investigated
[24, 25]. Here, we simply consider the effect of the an-
chor proteins on the main quantity being examined in
this study, i.e., bending rigidity κ. The anchors of lig-
ands or receptors suppress the bending fluctuations of
the surrounding membranes.
In the meshless membrane model, the locally large
bending rigidity is given by a large value of kα,i = k
bond
α
of the bonded membrane particles. In the limit κr =
kbondα /k
norm
α → ∞, the neighboring membrane at a dis-
tance r < 3σ from the adhesion sites becomes completely
flat. This local flattening induces a stable domain forma-
tion even at Nlay = 2. With increasing κr, the domain
radius decreases [see Fig. 6(a)].
In order to take this effect into account, the potential,
given by Eq. (5), in the 2D lattice model is modified as
ui =
{
kBT
pi
(
l0
dmin
i
−rAO
)2
(dmini ≥ rAO + l0)
kBT
pi
(dmini < rAO + l0).
(6)
The surrounding membrane sites at the distance r < rAO
are flat and have no bending fluctuations. This treatment
is similar to the Asakura–Oosaka theory for the depletion
interaction [15, 16].
As the height fluctuations of several neighbor sites are
suppressed at rAO/l0 & 2, a single domain is formed [see
Fig. 6(b)]. At large values of rAO, the domain radius
is saturated to Rg/R
0
g = 2, which is considerably larger
than the value Rg/R
0
g = 1.3 of the meshless simulations.
Thus, the omission of the protrusions works differently
from the case of the Nlay increase. It reduces the effective
attractions. Since the protrusion is also suppressed at
large values of κr, the surrounding unbonded membrane
particles lose more entropy than in the case of the 2D
lattice representation.
VI. SUMMARY AND DISCUSSIONS
We have revealed that the clustering of the adhesion
sites binding neighboring membranes can be caused only
by entropic interactions via membrane height fluctua-
tions. The reduction in the membrane fluctuations due
to close contact yields an attractive interaction between
the adhesion sites. For binding between two membranes,
this interaction is too weak to form a large stable domain
and increasing the number of the adhesion sites does not
lead to cluster growth. In order to overcome this prob-
lem, we extend the system to enhance this attraction in
two ways: (1) The number of membrane layers is in-
creased; when three or more membranes are bound, the
FIG. 6: Variation in the radius of gyration Rg of the adhesion
sites with the membrane-hardening anchors at Nlay = 2 for
φ = 0.0039 (,△) and φ = 0.016 (◦,×). (a) Dependence
on the ratio of bending rigidity κr in the meshless membrane
simulation. (b) Dependence on the the depletion radius rAO
in the 2D depletion lattice model (Eq. (6)). Snapshots at
κr = 8 and rAO = 5l0 are shown in the insets of (a) and (b),
respectively.
adhesion sites form one large domain. (2) Adhesion an-
chors that harden surrounding membranes are employed.
This induces the depletion type of attraction between the
adhesion sites, since the areas of the surrounding mem-
branes are overlapped in the clusters. Both conditions
intensify the entropy gain by the cluster formation and
their effects can be explained by the extended 2D lattice
models.
Although ligand–receptor pairs bind only two mem-
branes in living cells, ligand–receptor chains connecting
several membranes are synthetically producible. Our pre-
dictions on clustering in multilamellar membranes can be
experimentally examined using supporting membranes.
On the other hand, the latter depletion-like interactions
may play a role in biomembranes and this type of domain
formation can be induced not only in adhesion anchor
proteins but also in other membrane-associated proteins.
It is reported that the adhesion sites are accumulated
on fixed membrane boundary [11]. The adhesion sites
and other proteins can likely form a domain at a specific
region in a plasma membrane.
The domain formations in bound membranes are dif-
ferent from those of typical phase separation by a pair-
wise interaction. When two types of molecules are phase-
separated in a binary fluid, a small fraction of either type
6of molecules dissolves in the other phase, and their frac-
tions rapidly decrease with decreasing temperature. In
the case of the membrane adhesion sites, the competi-
tion between the entropies in the perpendicular direc-
tion (height fluctuations) and in the horizontal directions
(mixing of the adhesion sites) determines the phase be-
havior, so that it does not directly depend on the tem-
perature (it may indirectly be affected by change in the
membrane properties). While a large amount of un-
bonded membrane particles dissolves in circular domains,
no adhesion sites dissolve in the membranes even from
largely deformed domains. This asymmetry is caused by
the long-range height correlation of the membranes. Such
stable domains involving other lipids and proteins may
form a good platform for biological functions.
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